Abstract The spatial resolution of digital elevation models (DEMs) is an important factor for reliable landslide studies. Multiinterferometric techniques such as persistent scatterer interferometric synthetic aperture radar (PSInSAR) are used to evaluate the landslide state of activity and its ground deformation velocity, which is commonly measured along the satellite line of sight (LOS). In order to compare velocities measured by different satellites in different periods, their values can be projected along the steepest slope direction, which is the most probable direction of real movement. In order to achieve this result, DEM-derived products are needed. In this paper, the effectiveness of different DEM resolutions was evaluated in order to project ground deformation velocities measured by means of PSInSAR technique in two different case studies in the Messina Province (Sicily, southern Italy): San Fratello and Giampilieri. Three DEMs were used: (i) a 20-m resolution DEM of the Italian Military Geographic Institute (IGM), (ii) a 2-m resolution DEM derived from airborne laser scanning (ALS) light detection and ranging (LiDAR) data for the San Fratello 2010 landslide, and (iii) a 1-m resolution DEM derived from ALS LiDAR data for the area of Giampilieri. The evaluation of the applied method effectiveness was performed by comparing the DEMs elevation with those of each single permanent scatterer (PS) and projecting the measured velocities along the steepest slope direction. Results highlight that the higher DEM resolution is more suitable for this type of analysis; in particular, the PS located nearby the watershed divides is affected by geometrical problems when their velocities are projected along the steepest slope.
Introduction
Spaceborne synthetic aperture radar (SAR) images are currently used to detect, monitor, and forecast active geological processes leading to ground deformation. For example, SAR data have been extensively used to study subsidence phenomena (Tomás et al. 2005; Raspini et al. 2012; Rosi et al. 2014) . tectonic (Massironi et al. 2009; Vilardo et al. 2009; Lagios et al. 2013) . earthquakes (Lagios et al. 2012; Luo et al. 2013) . and volcanic activity (Peltier et al. 2010) . Among ground deformation phenomena, landslides represent one of the most studied natural hazards by using this technique (Herrera et al. 2009; Notti et al. 2010; Meisina et al. 2013; Oliveira et al. 2014) . Differential synthetic aperture radar (DInSAR) represents the basic technique which exploits the phase difference between two SAR images acquired in different periods producing interferograms (Gabriel et al. 1989 ). More recently, several different multi-interferometric techniques have been developed, such as persistent scatterer interferometric synthetic aperture radar (PSInSAR) (Ferretti et al. 2001) and SqueeSAR (Ferretti et al. 2011) . Small Baseline Subset (Berardino et al. 2002) . Stable Point Network (Arnaud et al. 2003) and Coherent Pixel Technique (Mora et al. 2003) . These techniques use an extensive archive of satellite radar data (dating back to 1992) in order to identify networks of persistently scattering (i.e., radar reflecting) features, such as buildings and bridges, or natural features, such as rocky outcrops, against which relatively precise motion measurements are calculated retrospectively over the time spanned by the data archive. Landslide mapping and monitoring can greatly benefit from spaceborne InSAR data analysis because of its great cost-benefit ratio (especially by using archival data), non-invasiveness, wide area coverage, and high precision (Crosetto et al. 2010; Frattini et al. 2013; Wasowski and Bovenga 2014) . Spaceborne multi-interferometric SAR techniques measure ground motion, with millimeter accuracy, representing a useful tool to detect and characterize slow surface phenomena, rapidly providing products such as landslide inventory and state of activity maps (Bovenga et al. 2006; Colesanti and Wasowski 2006; Cascini et al. 2009; Hung et al. 2011; Ciampalini et al. 2012; Raspini et al. 2012; Bianchini et al. 2013; Del Ventisette et al. 2013; Bianchini et al. 2014) .
Several studies have investigated the role of the digital elevation model (DEM) spatial resolution and its impact on landslide investigations (Glenn et al. 2006; Kasai et al. 2009; Keijesers et al. 2011; Jabayedoff et al. 2012; Tarolli 2014 ) by comparing results obtained through the use of both low and high spatial resolution DEMs. During the last years, the increase in the use of very highresolution DEM derived by light detection and ranging (LiDAR) data led to an improvement in terrain analysis, highlighting the advantages and limitations with respect to the low-resolution DEM (Classens et al. 2005; Ardizzone et al. 2007; Chen et al. 2013; Fuchs et al. 2014; Tarolli 2014) . For example, LiDAR-derived DEM has been extensively used in landslide studies (Jabayedoff et al. 2012 and reference therein) . for the characterization of channel networks (Montgomery and Foufoula-Georgiu 1993; Tarolli and Dalla Fontana 2009; Cavalli et al. 2008) , for river morphology analysis (Jones et al. 2007; Marcus and Fonstad 2010) . active tectonic deformation recognition (Cunningham et al. 2006; Oskin et al. 2007) . and in the detection of morphological changes in volcanic environments (Davila et al. 2007; Csatho et al. 2008) . Considering the abovementioned works, the effectiveness of high-or low-resolution DEM in landslide study depends on the purpose of the research. On the other hand, several studies on landslide susceptibility assessment highlighted that low-to medium-resolution DEM can be more suitable . Normally, the optimal resolution of a DEM is directly related to the average size of the investigated hillslope process (Tarolli 2014) and also to the target of the investigation (hazard assessment, geotechnical study, risk evaluation, etc.). PSInSAR post processing analysis can benefit from its combination with DEM data for a more accurate evaluation of the landslide kinematic. For each detected permanent scatterer (PS), both displacements and ground deformation velocity are measured by the satellite sensor
Technical Note along its line of sight (LOS) even though the real displacement, which results slightly underestimated, actually occurs in three dimensions (Cascini et al. 2009 ). PSInSAR velocities in landslide studies are commonly used in the component measured along the LOS Meisina et al. 2008; Oliveira et al. 2014; Uzielli et al. 2015) . A more reliable velocity measure can be obtained by projecting the velocity measured in the LOS direction, along the steepest slope considered as the most probable real movement direction (Notti et al. 2014; Bianchini et al. 2014) . The velocity projection along the steepest slope uses the products Fig. 1 Location of the study areas: a Giampilieri and b San Fratello. The landslide inventory map in a is from Ardizzone et al. 2012 . The landslide boundary in b is from Bardi et al. 2014 . White rectangles (1 and 2) in a correspond to the area showed in Fig. 9 Technical Note Landslides 13 & (2016) derived from a DEM of the analyzed area, besides the satellite acquisition parameters (azimuth, incidence angle, and directional cosines) of the LOS. In order to achieve this result, a low-to medium-resolution DEM or a resample of a detailed DEM is recommended (Notti et al. 2014 ) with the aim of reducing the effect of terrain roughness and the presence of counterslopes. This work evaluates the usefulness of DEMs characterized by different spatial resolutions, during the multi-temporal analysis of PSInSAR post processing phase, in order to improve the effectiveness of this type of data in landslide kinematic analysis. The DEM resolution evaluation was tested in the Messina Province (Sicily, Italy), an area strongly affected by landslide phenomena.
Study areas
The Messina Province (Sicily, Italy) is an area prone to landslides, due to the combination of different triggering (seismicity, exceptional rainfall events, active tectonics, and volcanic activity) and predisposing factors (lithology, land use, morphology) (Billi et al. 2008; Ciampalini et al. 2015) . Between 2009 fall and 2010 winter on both the Nebrodi and Peloritani mountain ranges, exceptional rainfall events led to more than a thousand different types of mass movements: debris flows, complex, rotational, and translational landslides, rock falls (following the classification of Varnes 1978) . which caused 37 victims, and intense damages to urbanized areas, infrastructures, and cultivated and pasture lands.
The San Fratello site
The first chosen area is San Fratello (Fig. 1) , located along the Messina Province Tyrrhenian coastline, a town historically affected by landslide phenomena Ciampalini et al. 2014) . It is located at an altitude of 675 m asl. The town is crossed by an important local roadway (SS 289) which connects several villages scattered within the Nebrodi mountains to the coastal highway. The inhabited area is located along the north-south-oriented divide between two watersheds, the Furiano Creek valley to the west and the Inganno Creek valley to the east. The eastern slope altitude varies between 250 m and 675 m asl. From the Inganno Creek valley up to the divide, the slope has gently rises from 250 to 620 m asl, with an average slope of 14°. From 620 m asl to the top of the divide, the average slope increase to 24° (Figs. 2 and 3 ). This morphology is probably linked to the presence of older landslides which modeled the slope. The most recent landslide event occurred on 14 February 2010, affecting a large sector of the eastern hillside, damaging several buildings and infrastructures ). This landslide, about 1.8 km in length, involved an area of about 1 km 2 , spanning from the town area eastern sector toward the Inganno Creek valley. This complex landslide produced also multiple failures, traction cracks, and counterslopes. In particular, the landslide is characterized by a rotational movement in its upper sector, evolving in an earth flow in its lower portion. From a geological point of view, the area of San Fratello is part of the northeastern sector of the Apennine-Maghrebian orogenic belt. In particular, the area is characterized by the presence of a sequence of terrigenous to calcareous sedimentary sequences. The southern part of the village is made of terrigenous terrains, lower Cretaceous in age clayey sequences (Argille Scagliose unit). In the northern portion of the village, carbonate complexes, represented by Liassic limestone platform sequences crop out, overlapped by a terrigenous Late EoceneOligocene Flysch (Frazzano`Flysch). The top of the sequence is represented by the Cretaceous pelagic dolostones and limestones (San Marco D'Alunzio unit), which crops out in the N-NW San Fratello village area (Nigro and Sulli 1995; Lavecchia et al. 2007 ). The landscape of the study area and its slope instability are strongly influenced by this geological framework because of the overlapping of hard brittle lithologies on the soft clayey formations. Furthermore, the San Fratello area is characterized by a 10-m-thick cover of silty clayey sediments which increases the formation of slope instability phenomena.
The Giampilieri site
The second chosen study area is Giampilieri, located between the Messina Province Ionian coast and the Peloritani mountain ridge (Ardizzone et al. 2012; Del Ventisette et al. 2012) (Fig. 1) , which on 1 October 2009, was hit by an exceptional storm (225 mm of rainfall recorded in 8 h). Giampilieri is located within the Giampilieri Creek valley on a southwest-oriented slope, which reaches its maximum altitude (516 m) about 2 km at northeast with respect to the village (Fig. 4) . The urban area is developed between 128 and 190 m asl, and it is connected with the coastal highway by a single roadway axis, climbing upward along very steep slopes. In correspondence to the village, the slope rises up to 175 m asl, with an average angle of 10.5°. The slope increases rapidly until 180 m asl, with an average angle of 28°rising up to 44°between 180 m and 270 m asl. The highest part of the slope is characterized by a decrease of the angle (32°) (Fig. 4) . The persisting rainfall triggered more than 600 slope failures, mainly shallow soil slides, debris flows, and debris avalanches, on an area of about 50 km 2 . Giampilieri (Fig. 1) was the most damaged village, where landslides and floods caused 37 fatalities (including 31 deaths and 6 missing persons), 122 injured people and 2019 evacuated people (Ciampalini et al. 2015) . The geological framework of the Giampilieri area is characterized by the presence of strongly weathered metamorphic rocks, topped by 1.5-2-m-thick weathered soil. The area northwestern sector is made of low-grade phyllites and metasandstones, whereas the southeastern sector of the village is made of medium-grade amphibolites of the Aspromonte unit . The contact between the amphibolites and the phyllites is represented by a fault. Both the lithologies appear deeply fractured and characterized by a cleavage system which reduces the geotechnical characteristic of the rocks. 
Methodology
In the last decades, different SAR satellite missions have been used to study ground deformation phenomena, providing the possibility to reconstruct the past deformation of the areas of interest. The European C-band missions ERS 1/2, environmental satellite (ENVISAT), routinely acquired images between 1992 and 2010. These data can be coupled with the currently operating C-band sensors, such as RADARSAT 1/2 and X-band sensors (TerraSAR-X and COSMO-SkyMed (constellation of small satellites for the Mediterranean basin Observation)), allowing the analysis of both past and recent ground displacements of the observed scenes, in a time interval of more than 20 years . PSInSAR (and its evolution SqueeSAR) provides deformation time series on grids of stable reflective point-wise targets called PS or diffuse scatterers (DS), which correspond to hand-made artifacts, such as buildings, railways or highways, and/or to natural targets (rocky outcrops), characterized by a coherent electromagnetic behavior in time (Ferretti et al. 2001; . The displacements recorded for each PS or DS are measured considering a stable ground point (reference point) of known coordinates. A ground deformation multi-temporal analysis can use different sensors acquiring in different periods. This means that ground deformation velocity of each PS dataset is measured along a different LOS. In order to compare different sensors data, characterized by different look angles and wavelengths, and thus different LOS, Notti et al. (2014) suggested to project the velocity, measured along the LOS, along the steepest slope (Eq. 1). where V Slope is the velocity projected along the steepest slope, V Los represents the velocity measured along the satellite LOS, and C is the coefficient calculated as follows (Eq. 2):
where S is the Slope, A is the Aspect both derived from the DEM and nlos, and hlos and elos are the direction cosines of the satellite LOS. The proposed formula uses DEM-derived products such as Slope and Aspect, therefore this procedure obviously needs a DEM. Three DEMs having different resolutions (Table 1) PS heights included in the PS datasets have been retrieved using the shuttle radar topography mission (SRTM) DEM (WGS84) calibrated on the basis of the reference point which usually has an accurate GPS position. The orthometric height of each PS has been deduced subtracting a correction factor (around 43 m) which considers the ellipsoid height from the SRTM height. In order to evaluate the effectiveness of the DEM resolution, first of all, the height above the sea level of each PS, retrieved by the PS dataset, was compared to the height extracted from each available DEM by using a linear regression (Fig. 5) . The extraction of the PS heights from each available DEM was performed considering the height of each PS data center in GIS environment.
The second step regards the projected velocities and their directions with respect to the North and to the slope morphology (Fig. 5) . In particular, the projected velocities direction was evaluated with respect to the slope orientation (Aspect). When a lowresolution DEM is used, geometrical problems can be detected especially in correspondence with watershed divides, where several velocity vectors should be oriented upslope. A visual inspection was used to detect the area affected by geometrical problems. In order to evaluate the effectiveness of different DEM resolution in PSInSAR post processing analysis, phase 2 PS dataset was used, one for each investigated area. In the San Fratello landslide area, PS data acquired with COSMO-SkyMed sensor were used to evaluate the post event ground deformation (Table 2) . ENVISAT data were used to assess the pre-event deformation phenomena in correspondence of the area of Giampilieri (Table 1) .
Results and discussion
The San Fratello landslide In the San Fratello area, the results obtained by using the 20-and 2-m resolution DEMs were compared. The test site location is very useful because of its position, located across a divide between two watersheds. Along the divide, the higher the approximation introduced by a low-resolution DEM, the lower the accuracy in obtaining an accurate divide position. An example of the DEM-derived products is reported in Figs. 2 and 3 . After a simple visual comparison, the 2-m resolution DEM (Fig. 3) can be considered more useful to characterize the slope morphology. In particular, both the derived Slope and hillshade clearly show several elements on the eastern slope of San Fratello such as the presence of a channel network, counterslopes, and secondary scarps that cannot be detected by using the 20-m resolution DEM (Fig. 2) . Furthermore, the comparison between the two obtained Aspects highlights the presence of an area, about 200 m 2 in extension, located across the divide showing different orientation (Fig. 2c) . In the 20-m resolution-derived Aspect, the N-S-oriented divide does not perfectly separate the eastwardoriented slope from the westward-oriented ones. A strip located eastward of the divide shows a westward orientation which does not correspond to the real slope morphology (Fig. 2c) . This area can affect a proper projection of the ground deformation velocities along the steepest slope. Among the data included in each PS dataset (e.g., deformation, velocity), the elevation of each PS is reported. These elevations were compared to those derived by both the available DEMs in order to compare their correlations (Fig. 6) . The comparison between PS elevations and those retrieved from the 20-m resolution DEM shows that the correlation between elevations is characterized by an R 2 =0.59. This correlation is based on 4098 PS. A strong improvement in the correlations between the elevations was observed comparing the PS heights to the elevations extracted from the 2-m resolution DEM (Fig. 7) . In this case, the R 2 is 0.99 suggesting that this DEM is strongly reliable. This correlation is also based on the same 4098 PS. Following the equation proposed by Notti et al. (2014) . the PS velocities were projected along the steepest slope using both the 2-and 20-m resolution DEMs. Usually, the directions of the projected PS velocity, by using both DEMs, are in agreement with the average slope direction, except for the area characterized by a higher terrain roughness, where the 2-m resolution DEM resulted more accurate. This agreement strongly decreases in correspondence with the divide, especially in the previously mentioned area where the aspect derived from the 20-m resolution DEM shows a different orientation with respect to the real morphology. In this area, the PS velocities projected using the 20-m resolution DEM are directed upward (Fig. 8a) , which is a very unlikely condition. On the contrary, projected PS velocities obtained by using the 2-m resolution DEM are in agreement with the main slope direction (Fig. 8b) . Considering the unreliable projected PS velocities, it is possible to detect the area where the 20-m resolution DEM is affected by geometric problems (Fig. 8c) , probably related to the approximation due to its lower resolution which increased nearby to the divide. This area includes also part of the 2010 San Fratello landslide crown. The total amount of PS located in this area is 1609 (39.26 % of the available PS) which must not be considered for a correct ground deformation analysis using the projected PS velocities. A subset of the whole PS population was extracted considering those PS located inside the detected area in order to investigate the relationship between PS elevations and DEMs elevations. A decrease of the correlation can be observed both for the 20-and 2-m resolution DEM but, while this decrease is still acceptable (R 2 =0.86) for the 2-m DEM (Fig. 7a) , for the 20-m DEM, it is very high (R 2 =0.03) (Fig. 9b) . These correlations have been assessed using a total of 1609 PS.
The Giampilieri area The same approach described for the San Fratello site was also applied in the area of Giampilieri, in order to evaluate the differences between the 20-m resolution DEM and the available 1-m resolution DEM. In this case, PS data show a local lower density because they were elaborated by using the C-band sensor ENVISAT, which is characterized by lower spatial and temporal resolution with respect to the X-band sensor COSMO-SkyMed. The comparison among the PS heights and the elevations measured with the available DEM show a good correlation for both the 20-m and the 1-m resolution DEMs ,but, also in this case, the DEM having the higher resolution shows a better R 2 =0.9992, whereas R 2 for (Fig. 10) . Even though also the 20-m resolution DEM shows a very good agreement between the PS heights and the related DEM elevations, when PS velocities were projected along the steepest slope direction, several geometric problems can be detected within the study area (Fig. 11) . For example, north of the village of Giampilieri, several projected PS velocities, using the 20-m resolution DEM, are directed upslope (Fig. 11a) ;on the contrary, all the projected PS velocities using the 1-m resolution DEM are correctly oriented along the slope direction (Fig. 11b) . The usefulness of the high-resolution DEM (1 m in this case) for the PS velocities projection can be appreciated especially for the areas characterized by complex relief. For example, in case of mountainous areas with narrow valleys and high difference in altitudes between the valley bottom and the divides, the higher is the DEM resolution, the more accurate will be the V slope direction (see Fig. 11c, d , where most of the PS velocities projected using the 20-m resolution DEM show a very different direction with respect to those of the real morphology).
Conclusion
In this work, the reliability of high spatial resolution DEMs was tested in order to provide new opportunities and challenges for mapping landslide morphology with high accuracy, both through visual interpretation and statistical analysis.
In particular, the effectiveness of two DEMs, characterized by different resolutions, was discussed in landslide study as tools for an accurate PSInSAR post processing analysis. The comparison was made considering a high-resolution LiDAR DEM and a low-resolution DEM derived from the interpolation of contour lines. The test was performed in two different sites. For each test site, a LiDAR DEM was available. PS data measure ground deformation velocities along the LOS of the used satellite sensor. These measures can underestimate the real velocity which usually occurs along the steepest slope. Furthermore, when PS datasets are acquired by using different sensors and in different periods on the same area, they are also acquired by different LOS. In order to compare the ground deformation velocities of different PS datasets, they must be re-projected along a common direction. The steepest Technical Note slope direction is commonly considered as the most reliable and thus it can be used to project the velocities. This process needs for a DEM to calculate the characteristics of the slope where the PS are located, in particular, the formula used for the projection needs for the local value of both the slope gradient (Slope derived from a DEM) and the slope orientation (Aspect derived from a DEM).
The evaluation of the effectiveness of DEMs having different resolution in the projection of the ground deformation velocities along the steepest slope was carried out. First, by comparing the height of all the available PS with the relative DEM elevation for both the 20-and 2-m resolution DEM. Second, the velocities were projected along the steepest slope by using again both of the DEMs and identifying the presence of areas where the projected velocities show an unreliable direction (upslope). This problem particularly affects those PS located in the upper part of the slope, close to the divide, where the approximation that characterizes the lowresolution DEM does not allow a proper projection of the PS velocities along the steepest slope.
Despite the used DEMs were created in different time periods, the variation between the terrain surface heights due to possible tectonic activity is negligible. The investigated areas are tectonically active, but the vertical ground deformation measured in the long-term period highlights an overall stability during the last 15 years (Del Ventisette et al. 2013) . Although the original topographic maps used to create the IGM 20-m resolution DEM can be very old , the height discrepancy between the latter and the ALS DEM is very high (up to 50 m) and cannot be related to vertical deformation due to the tectonic activity. Considering the comparison between PS heights, derived from the SRTM data, calibrated with the reference point GPS position, and the ALS DEMs heights, a very reduced discrepancy has been recognized. This comparison can be considered as a doubleway in order to estimate the accuracy of both the data.
High-resolution topographic data have not only the potential to detect morphological characteristic (counterslopes, secondary scarps, etc.) within a landslide, but this work also highlights that a correct PSInSAR post processing analysis can benefit from the use of a high-resolution DEM, with special regards to the landslide kinematics understanding. On the contrary, the use of a medium-to low-resolution DEM can lead to geometric problems in the projection of the PS velocities, especially nearby the watershed divides and in the areas characterized by a complex morphology. 
